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Histone::mCherryThe nematode Caenorhabditis elegans has been used as a model for developmental biology for decades. Still,
the few publicly available spatio-temporal (4D) data sets have conﬂicting information regarding variability of
cell positions and are not well-suited for a standard 4D embryonic model, due to compression. We have
recorded six uncompressed embryos, and determined their lineage and 4D coordinates, including nuclear
radii, until the end of gastrulation. We ﬁnd a remarkable degree of stability in the cell positions, as well as
little rotational movement, which allowed us to combine the data into a single reference model of C. elegans
embryogenesis. Using Voronoi decomposition we generated the list of all predicted cell contacts during early
embryogenesis and calculated these contacts up to the ∼150 cell stage, and ﬁnd that about 1500 contacts last
2.5 min or longer. The cell contact map allows for comparison of multiple 4D data sets, e.g., mutants or
related species, at the cellular level. A comparison of our uncompressed 4D model with a compressed embryo
shows that up to 40% of the cell contacts can be different. To visualize the 4D model interactively we
developed a software utility. Our model provides an anatomical resource and can serve as foundation to
display 4D expression data, a basis for developmental systems biology.© 2009 Elsevier Inc. All rights reserved.IntroductionThe nematode C. elegans is a widely used model system for
metazoan biology (Riddle et al., 1997). Due to its invariant cell lineage
(Sulston et al., 1983), fast development, small cell number, and
transparency it is an ideal system for in vivo observation of embryonic
and postembryonic development. These facts, as well as the large
number of available mutant alleles and transgenic reporter strains
make C. eleganswell-suited for genomics and systems biology. Lineage
analysis and recording of embryogenesis have been used as a tool to
compare wild-type and mutant development (Goldstein, 1995a;
Hutter and Schnabel, 1994; Zipperlen et al., 2001). Spatio-temporal
(4D) recording of embryogenesis using differential interference
contrast (DIC/Nomarski) optics has been practiced for a number of
years to aid lineaging and cell identiﬁcation (Bürglin, 2000; Heid and
Hardin, 2000; Hird and White, 1993; Schnabel et al., 1997; Thomas et
al., 1996; Thomas and White, 1998). More recently, spatio-temporal
recordings of histone proteins tagged with ﬂuorescent proteins have
been used to automatically follow cell divisions (Bao et al., 2006;
Hadjantonakis and Papaioannou, 2004). Most 4D recordings were
only used to determine the lineage tree, and few were interpreted
with respect to their full 4D coordinate data set. Presently only two
data sets with spatio-temporal (x–y–z–t) coordinate sets are available
publicly, one in WormBase (www.wormbase.org) and one in Acetreel rights reserved.(Bao et al., 2006; Boyle et al., 2006). In addition, pure computational
approaches have been presented (Azevedo et al., 2005; Bigone, 2001).
While the cell lineage of C. elegans is remarkably invariant (Sulston et
al., 1983), there is still conﬂicting evidence in the literature with
respect to spatio-temporal information of cell positions, cell move-
ments, and cell contacts. It was previously reported by several
investigators that there is only little variability (Deppe et al., 1978;
Schierenberg et al., 1984), while others reported quite substantial
variability, migrations of cells, and rotation of the embryo during
development (Schnabel et al., 1997, 2006). Two data sets are available:
one from Acetree, which uses a non-standard nomenclature (Zhao et
al., 2008), and a data set in WormBase, which is actually derived from
the data in the Angler Software (Martinelli et al., 1997). However, both
of these data sets leave a number of cells without annotation when
compared to the full lineage (Sulston et al., 1983).
The discrepancies in the reported variability of cell positions and
the incompleteness of available data sets lead to a number of
problems: (1) no standard 4D coordinate model is available that can
be used for comparison between experiments, (2) dissimilarities
cannot be assessed, (3) coordinates cannot be associated with a level
of probability, which would be needed to address the question of
variation among individual observations, and therefore (4) probabil-
istic cell contact maps cannot be calculated, and (5) wild-type to
mutant and cross-species 4D comparisons become problematic when
data sets with unknown variability are compared. Presently under-
taken comparisons are limited by the paucity of comparative material,
since only data from one source (Schnabel et al., 1997) were used to
Fig. 1. Inﬂuence of the mounting method on the structure of C. elegans embryos. Aspects
of embryos prepared with different mounting methods. C. elegans embryos were
mountedwith either the FS or the APmethod, and the reconstructed AE is also shown. A
DIC stack was obtained for each embryo and the stacks were segmented to separate the
granular areas (cytoplasm) from the more homogenous areas (nuclei and area outside
the embryo). (A) The egg surfacewas reconstructed from the segmented DIC stacks, and
the eggs were rotated to obtain an anterior view. (B) A section was made through the
reconstructed volume at the height of a nucleus to show its shape. Note that all nuclei
appear spherical. (C) Mid-focal panes of the respective DIC image stacks.
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al., 2008). This emphasizes the need for an agreement on nomen-
clature, and the need for association of coordinates with levels of
probability. Spatio-temporal data are too complex to draw conclusions
from only the coordinates (Schierenberg et al., 1984). The two
available data sets do not allow the generation of meaningful
probability values. A model is needed onto which the large amounts
of quantitative data such as promoter activity studies (Dupuy et al.,
2007; Mango, 2007), in situ hybridization data (e.g., The Nematode
Expression Pattern Database NextDB by the Kohara lab, http://
nematode.lab.nig.ac.jp/) images from antibody stainings and results
from RNAi screens (e.g., Fernandez et al., 2005) can be mapped. We
felt it necessary to record and obtain additional spatio-temporal data
sets of C. elegans embryogenesis that could be integrated into a 4D
reference model. Further we identiﬁed the mounting method for
time-lapse recordings as a cause for the reported variability of cell
positions and discrepancies in the literature. Therefore we chose a
mountingmethod that avoids interferencewith development asmuch
as possible. The model we generated, Ce2008, can serve as a universal
tool for comparisons, for mapping gene expression data, and for
determining cell contact maps and can generally make genome-wide
data of various kinds more accessible to systems biology approaches.
Materials and methods
Strains
C. elegans N2 (Bristol) was used as standard strain in all experi-
ments unless stated otherwise. In addition, in cases where larger
sample numbers were examined, e.g., to assay rotation, N80
transgenic C. elegans strains carrying integrated reporter constructs
were analyzed as well. They were originally created for expression
pattern analysis (complete list of strains available on request). These
strains have either been made by us or by other laboratories. Except
for a small number of lines (b10) that had integrated expression
reporter strains directly isolated after gene bombardment, all strains
were generated by integration of extrachromosomal arrays (Mello et
al., 1991) using gamma or X-ray irradiation (Evans, 2006). The
reporter array chIs2126, which consists of the his-72 promoter and
open reading frame (Ooi et al., 2006) fused to mCherry (Shaner et al.,
2004) and the unc-54 3′UTR, was created by PCR fusion (primers used
for the his-72 gene: ggcttcgagtatcccatgagacca and caagccagccgc-
caaggcc) (Hobert, 2002). For further details, see Supplementary
methods. All nematode strains were grown on standard NGM plates
seeded with Escherichia coli OP50 cultures (Brenner, 1974).
Side effects of histone transgenes
We observed phenotypic changes in the Is[HIS-72::mCherry]
reporter strains as they were maintained. The spontaneously arising
phenotypes observedweremainly Dpy, Unc, Egl and embryonic arrest.
These phenotypes appeared after cultivating the reporter strains for
several generations as homozygotes and occurred rather consistently
in different lines (see also Bratic et al., 2009). Spontaneous
phenotypes, in particular lethality, were also observed with other
strains, not just chIs2126 (Ooi et al., 2006). Out-crossing of chIs2126
with N2 removed the phenotypes and the wild-type phenotype was
restored. However, after further growth of out-crossed lines over
several generations, phenotypes emerged again. We asked whether
the changes we observed were inheritable and chose body length
(Dpy) as parameter to investigate. We manually selected short and
long animals from a plate with chIs2126 animals. The progeny of the
selected animals was then analyzed for body length. We found that
short and long animals gave rise to short and long progenies,
respectively (Supplementary Fig. 1). We did not investigate this
further, but concluded that histone reporter constructs may bemutagenic. Therefore we decided that only lines that had recently
been crossed with N2 would be used for 4D recordings in order to
avoid effects on embryogenesis.
4D time-lapse microscopy
A piezo stage and controller (PZM-2000, Applied Scientiﬁc
Instrumentation, http://www.asiimaging.com/) mounted on an
epiﬂuorescence equipped Zeiss Axioplan 2 imaging video microscope
equipped with a Hamamatsu Orca ER camera was used for the 4D
recordings. A Halogen (Zeiss HAL 100) light source was used for
ﬂuorescence excitation. Optics used were a Zeiss Plan-Apochromat
63×/1.4 (oil) with DIC and a 1.4 NA oil condenser. A computer running
Mac OS 10.4 controlled the setup through a custom made program
(written in AppleScript) and OpenLab 4.0.4 (Improvision) to acquire
the images. Image resolutions were 672×510 pixels for DIC (2×
binning) and 336×254 pixels (4× binning) for ﬂuorescence. Two
temperature probes at the microscope recorded the temperature
continuously during each recording, and temperature was kept at
20.5 °C with less than 1 °C deviation.
We modiﬁed the freely suspended mounting technique (Deppe et
al., 1978). Gravid hermaphrodites were dissected with a thin needle
tip (0.33 mm/29G) in a drop of distilled water on top of a polylysine
(0.01% solution, Poly-L-lysine, Sigma P4832, Sigma-Aldrich Chemie
GmbH, Germany) coated cover slide with more than ten 50 μm
microspheres (DRI-CAL 50, Dukes Scientiﬁc, Fremont CA, USA) as
spacers. Edges were sealed with hot candle wax using a cotton tip.
Recordings were post-processed and analyzed in Endrov (manuscript
in preparation). DIC stacks were recorded in intervals from 30 to 50 s;
ﬂuorescent stacks were takenmore sparsely in intervals of 5 to 10min.
The Z-resolution of DIC stacks was 0.5 μm and 1.5 μm for ﬂuorescent
stacks. For most DIC stacks 70 focal planes were recorded and
accordingly less for ﬂuorescent images. Nuclei and diameters of cells
were annotated by placing and adjusting circles into the largest visible
focal pane, resulting in a data set of XYZTR coordinates where XYZ
represent space, T is time and R is the radius of a given nucleus at
every documented time point (analogous to Schierenberg et al., 1984).
We did not compensate for spherical aberration, since we only used
the approximately top 2/3 of each embryo, and the aberration is low
3J. Hench et al. / Developmental Biology 333 (2009) 1–13as can be seen in the cross-section in Fig. 1. Cell names were given
according to Sulston et al. (1983).
Generation of Ce2008
The composite model of C. elegans early embryonic development
was obtained from6 annotated recordings and named Ce2008. The set
consists of 3 N2 and 3 Is[HIS-72::mCherry] embryos. These were
manually lineaged as far as we could reliably do and ﬁtted together as
follows: The average embryo size – as deﬁned by ABa, ABp, EMS and
P2′ – was extracted and all embryos were normalized to this size. The
life span of each cell of each embryowas normalized as the average for
that particular cell. One embryo with a particularly complete lineage
(TB2167_0804016) was chosen as the overall angle reference. The
other embryos were then superimposed onto this one at a time. A
number of time points were chosen for each embryo by minimizing
the sum of squared distances between cells existing at the same time.
This was done with gradient descent implemented in Java. The model
lineage is deﬁned as the union of all lineages, with the average cell life
span and coordinates at each time point as the average of the
superimpositions. Since Ce2008 is derived by averaging several
embryos using the described algorithm, it is possible for nuclei to
overlap; this can be seen in a few cases in late stages. Software to
display Ce2008 and the individual recordings is found in the
Supplementary File 1, which also contains instructions. Note that we
supply coordinates for some cells beyond the 150 cell stage, however,
since not all cells are annotated anymore, the model has to be
interpreted with this caveat in mind. Also provided is a ﬁle with travel
distances for cells that have been traced completely over their lifetime
(Supplementary File 2).
Voronoi cell contact maps
Voronoi segmentation was computed with the Quickhull library
(Barber et al., 1996), which was called directly from Endrov. Contacts
of Voronoi cells extending to inﬁnity, i.e. contacts lying outside
the embryo, were removed using a contact-preventing angle (CoPAn)
of 110° (see Results). The modiﬁed Voronoi contact map was
translated with an Endrov utility into a cell contact map consisting
of linked HTML ﬁles (see Supplementary File 3). The individual
recording names are: N2_071114, N2_071116, N2greenLED080206,Fig. 2. Rotational position of the embryo within the egg shell. One hundred four embryo rec
angles of the ventral landmarks EMS, E and the ventral indentation were determined relat
deﬁned by the anterior and posterior poles of the egg shell. The data indicate that there is no p
i.e. their rotation angles from the appearance of EMS until ventral closure. The initial position
Ep. The angle was measured between this position and the angle of the ventral indentati
rotation of +27°. Positive angles represent a clockwise rotation from the perspective of
majority of these cases could be attributed to unintended external inﬂuence on the embTB2142_071129, TB2164_080118, and TB2167_0804016 for N2 and his-
72::mCherry embryos, respectively. A derived ﬁle with a list of cell
contact differences between models is also supplied in the Supple-
mentary material (Supplementary File 4).
3D reconstruction of DIC image stacks
Image stacks were segmented using a two-axis scatter proﬁle. In
early embryos, cytoplasm appears as a scatter-rich area; nuclei and
space outside the embryo appear scatter-poor. The segmentation
script generated a new image set that retained grayscale values from
the cytoplasm areas only while the remaining pixels were set to zero.
The resulting image stack was rendered in Endrov and screenshots of
the surface representation were saved. The volume was clipped with
two parallel clipping panes at the height of a nucleus in order to depict
that it appears round (Fig. 1).
Calculations and plots
Gnuplot (version 4.2) was used for plotting (http://www.gnuplot.
info/). Calculations and scripts were done prototyped with Matlab
(ver. 7.5.0.338, The Mathworks) and Octave (versions 2.x to 3.x,
http://www.gnu.org/software/octave/). Spreadsheets were main-
tained in Neoofﬁce (http://www.neoofﬁce.org/) and Microsoft Excel.
Results
Comparison of mounting methods and their inﬂuence on development
We have been performing 4D imaging with DIC and epiﬂuorescence
in the course of studyinggeneexpressionpatterns (Hunt-Newburyet al.,
2007), and observed that embryos mounted on agarose pads (AP) are
more prone to rotational movements and distortion of their cell
positions compared to embryos that are not compressed. Since we
wanted to generate a standardized embryo onto which we could map
gene expression patterns, we tried to superimpose cell coordinates
obtained from AP-mounted specimens and failed, even as early as the 6
cell stage (data not shown). The pressure applied from a cover slip to an
AP embryo causes severe alterations of the overall egg morphology. To
investigate this further,we comparedAPembryoswith freely suspended
embryos (FS) attached at a singlepoint to a polylysine coated cover slide.ordings were analyzed with respect to the orientation of the ventral pole. (A) Position
ive to the glass slide. Angles were measured orthogonal to the anterior–posterior axis,
reference for particular angles. (B) Stability of the orientation of the embryos over time,
of the ventral pole of each embryo was deﬁned by the average positions of EMS, E and
on at the beginning of morphogenesis. There is only one peak with a mean angle of
the embryo. Only a small number of substantially rotating embryos were found. The
ryo during the recording.
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Fig. 3. Anterior and posterior views of the Ce2008 model compared with the AE model over time. Screenshots were taken of Ce2008 (left two columns) and AE (right column) in
perspective view. Ce2008 has radius information for all nuclei while the AE does not (an arbitrary value was assigned). The perspective view affects the displayed radii of the nuclei,
smaller nuclei are located further away. Times indicated are normalized to match the Sulston lineage timings. Coordinate system at the top is based on the initial position of E and its
daughters (ventral), the ﬁrst column is an anterior view of Ce2008with ventral to the right, the second and third columns show Ce2008 and AE from the posterior, with ventral to the
left. Note that by 166m the ventral position is still on the left in Ce2008, while it has moved to the bottom in AE. The red lines at 63m indicate Voronoi neighbors. As a consequence of
the compression, the cells ABara and Ca are direct neighbors in AE, while they are located further apart in Ce2008. Color coding for the different blastomeres and their descendants is
given in the panel.
5J. Hench et al. / Developmental Biology 333 (2009) 1–13Wealsomeasured the parameters of the embryo reconstructed from the
coordinate set found in Angler (referred to as AE in the following, see
also Supplementarymethods).We ﬁnd that uncompressed embryos are
in average 36.0 μm thick in the Z-axis (n=26), while AP embryos are
22.7 μm (n=22) thick (Supplementary Fig. 2). The AE is even more
compressed, 18.4 μm in the Z-axis (Fig. 1). A slurry bead mounting
technique(Murrayet al., 2006)wasused forAcetreewith20μmbeads in
order to compress the embryo to 20 μm. The compression of the embryo
also results in changes in the length of the anterior–posterior axis and
the dorsal–ventral axis. AP embryos are rounder in appearance (DIC
view, Fig.1),while FSembryos appearmore elongated andcorrespondto
the standard size given in the literature (e.g., Edgar, 2003). Theelongated
shape of FS embryos is like that of embryos grown on agar plates. For
reconstructing theAEwe assumed that the nuclei remain round, despite
the compression. We tested whether the nuclei of deformed embryos
retain their spherical shape or not. C. elegans embryos were mounted
either as FS or on AP. DIC image stacks were recorded with 0.2 μm
resolution. Volumes were reconstructed from segmented images toverify that nuclei appear round in XY, XZ and YZ (Fig. 1). The results
indicate that the nuclei remain spherical despite the deformation of the
egg shell and associated changes in cell shapes and positions.
We also examined the position of FS embryos after mounting. We
note that in 4-cell embryos that are AP-mounted the 4 blast cells are
essentially lined up in a plane perpendicular to the Z-axis. However, in
FS embryos there is no rotational preference, the 4 cells can be found
in any orientation with respect to the Z-axis (Fig. 2A). Equivalent
ﬁndings were made for the position of the E cell and the ventral
indentation before morphogenesis begins (Fig. 2A). The random
distribution is a further indication that the circumference of FS
embryos is essentially round.
Rotational movements during embryogenesis
We asked whether the embryos change their position relative to
the egg shell during development and undergo a rotation around their
anterior–posterior axis. This phenomenon has been described (Boyle
6 J. Hench et al. / Developmental Biology 333 (2009) 1–13et al., 2006; Schnabel et al., 1997). We deﬁned the ventral pole of the
embryo by the positions of the EMS−E−Ep lineage and by the center
of the ventral indentation right before the comma stage. These
coordinates were followed by manual tracking in DIC image sets. We
analyzed 104 embryos and found that embryos may rotate around
their anterior–posterior axis. There is a trend for clockwise rotation
(from the embryo perspective), and the average rotation angle around
the anterior–posterior axis is 27.7°(Fig. 2B). This rotation is much
smaller than that previously described for compressed embryos. Less
frequently we observe large rotations (Fig. 2B), but we often ﬁnd some
abnormality, such as deformations of the egg shell, probably due to
the dissection procedure applied to the hermaphrodites (data no
shown). Perhaps these unintended abnormalities induce the extra
rotation in the embryo.
Low variability of cell positions between individuals
If the embryos remain in a constant position in the egg shell, could
it be that the variability of cell positions (Schnabel et al., 1997) is
caused by the mounting method? We manually tracked cells in six
embryos past the 150-cell stage. Nuclei of embryos were tracked using
DIC only, or using both DIC and ﬂuorescence when embryos carried a
histone::RFP marker (Is[HIS-72::mCherry]). Due to the FS mounting
and the consequentially larger egg diameter in the Z-axis we were
unable to obtain clear image data at the bottom of the embryos to
track every cell in an individual sample (see also Heid and Hardin,
2000). However, the upper 2/3 of their volumes were annotated. Cells
that could not be followed anymore were omitted, which leads to
partial data sets. We found that the relative cell positions in these six
recordings are highly concordant (Supplementary Fig. 3), and we
were able to assemble the data into a single model by ﬁtting the
overlaps as described in Materials and methods. We termed this
reference model Ce2008. Fig. 3 shows a series of screenshots of the
model.
We calculated the standard deviation of cell positions between the
six individual embryos for all overlapping cells and found that it was
less than 2 μm in average. Examination of the deviation over the
lifetime of individual cells (plotted on the lineage tree in Fig. 4) shows
that it stays within similar ranges and that there are no highly variableFig. 4. Variability of cell positions and cell division timing. Cell positions of six annotated rec
and divisions occur as indicated in the lineage tree. The average distance (scale bar in the top
the lineage tree lines. The standard deviation for the division time is indicated with an error
Ceviewer2008 (Supplementary File 1).cells. We failed to superimpose Ce2008 onto AE using just scale,
position and angle, because of the signiﬁcant differences in cell
positions. Therefore, we can only state that the AE is not directly
comparable to our six annotated embryos. We compared the 24-cell
stage of Ce2008 in the left-dorsal view to existing drawings (Sulston
et al., 1983). At this resolution, the drawing and Ce2008 match
(Supplementary Fig. 4). It was impossible to determine the variance of
cell positions between Ce2008 and the coordinates distributed with
Acetree (Boyle et al., 2006) due to mismatches in cell nomenclature
(e.g., ABalr).
Cell lineage and spatio-temporal cell coordinates
Tracking and annotating the cells in 4D image data produce both
spatio-temporal coordinates and a cell lineage tree. Cells closer to the
surface of the embryo could be tracked until the comma stage, while
data spanning the entire number of cells was obtained until ∼150 cell
stage. We named cells manually based on their division axis (Sulston
et al., 1983), and generated de novo lineages. We backtracked a
number of superﬁcial apoptotic cells and found that their identity
matches previous ﬁndings (data not shown). The identity of the E
linage was veriﬁed based on its characteristic morphology and its
location in the center of the embryo (Sulston et al., 1983). We did not
ﬁnd any alteration of the lineage in our six recordings, which conﬁrms
previous ﬁndings that the cell lineage of C. elegans is invariant. The
Ce2008 model contains this assembled reference lineage (Supple-
mentary File 1, lineage window). We further compared timing of cell
divisions in the six annotated embryos. As previously described
(Schnabel et al., 1997) we also ﬁnd some, albeit low variation (Fig. 5A).
The low variance of cell positioning, divisions and the invariant cell
lineage validate our approach of partial annotation in individual
recordings followed by assembly of these coordinates into one model.
According to data obtained from AP-mounted embryos (Schnabel et
al., 1997), cells in the C. elegans embryo migrate to a large extent. We
examined the travel distances in Ce2008. A spreadsheet ﬁle provides
data for the straight travel distances (“bee lines”, Schnabel et al., 1997)
of all cells that have daughters from their position at birth to their end
position when division starts. In addition the integrated travel
distances for each of these cells are also provided (Supplementaryordings were ﬁtted as described in order to generate Ce2008. The time axis is horizontal
left corner; in μm) between the annotated and the ﬁtted coordinates was plotted above
bar beneath the division time point when deﬁned. The full tree can be browsed with the
Fig. 5. Global cell parameters of Ce2008. (A) Standard deviation of the mean lifetime of each cell relative to its mean lifetime. Most cells vary less than 10% from their average cell life
span. Note: the cells displaying high variability are mostly due to cells that live beyond the measured time period. (B) Travel distances: MS–ME is the straight travel distance of a cell
from its start position at birth to its end positionwhen dividing, MS–DS is the averaged straight distance of a cell from its birth position to the birth positions of its two daughters. (C)
Number of cell contacts per cell over time until the ∼150 cell stage. The number of cell contacts per cell was counted at every time point of development at a resolution of
approximately 10 s. As cells get smaller, the number of contacts per cell increases. (D) Cell contact duration in minutes for all cells up to about 145 min of development. Note that
reciprocal contacts are counted separately in this graph. Approximately 3000 contacts (∼1500 when reciprocal contacts are treated equally) last 2.5 min or longer.
7J. Hench et al. / Developmental Biology 333 (2009) 1–13File 2). Fig. 5B shows a summary of these travel distances in Ce2008, as
well as the average distances from the start position of a cell to the
birth position of its daughters, hence the latter includes an average of
the displacement induced by mitosis. The average straight travel
distance is 4.3 μm (standard deviation: 2.3 μm) per cell, while the
average distance including mitotic displacement is 6.1 μm (SD:
2.6 μm).
Biologically relevant cell migration implies that the neighborhood
of a single cell or a group of cells changes with respect to its
environment over time. Thus, determining neighbors for each
particular cell is a more useful measure to assess meaningful
migrations than the absolute or relative travel distance of individual
cells or groups. For example, if an embryo rotated as a whole, it would
result in travel distances for all cells, which would, however, be
irrelevant for cell–cell signaling. Therefore, a cell contact map that can
identify neighbors would allow the identiﬁcation of relative changes.
Calculated Voronoi cell contact maps
Several approaches have been used in the past to determine cell
contacts from 4D coordinate data sets, including a distance-based
ranking (Bigone, 2001; Schnabel et al., 2006). Here we determined all
contacts per cell for every time point covered in our six recordings,
Ce2008, and AE using Voronoi decomposition (Barber et al., 1996).
Contacts were deﬁned by the common faces of Voronoi cells(essentially polyhedrons with faces calculated to have the smallest
distances to neighbors) with the nucleus as the center point of a cell.
We calculated the three dimensional point Voronoi decomposition of
the linearly interpolated coordinates for every time point at a
resolution of less than 30 s (relative to development time at 20 °C).
We termed the resulting cell contact data set of geometrical neighbors
the Voronoi Cell Contact Map (VCCM). Different cell sizes are
indirectly taken into account by this method, and the result is a
unique solution.
One issue with Voronoi decomposition is that the Voronoi cells at
the edge of the embryo are open to inﬁnity. At the edge of the embryo
cells can occasionally have a concave arrangement, which produces
unwanted situations, where two cells are calculated to be in contact,
due to a shared, off-center facet outside the perimeter of the embryo
(Fig. 6A). Possible ways to limit this can be envisioned, e.g., the egg
shell could be deﬁned as a delimiter, or a distance-based measure
could be introduced, where the longest distances are removed based
on the average distance distribution at a particular time point. We
have devised amethod that relies only on the local geometry, and does
not require knowledge of any distances or other data such as an egg
shell. At the boundary of the embryo, as cell C intercalates further
between cells A and B, a point will be reached, where it interrupts the
connection between A and B. Mathematically, as the red angle in C
increases, the closest vertex of the A/B Voronoi facet (red x in Fig. 6A)
will be pushed further towards inﬁnity. Can a suitable angle be found
Fig. 6. Voronoi cell boundary cases. (A) Voronoi cells at the edge are open to inﬁnity. In
concave cell arrangements at the boundary this leads to interfaces (facets) being
formed far outside the embryo, e.g., the A/B facet (blue) between cells A and B. An angle
(red), termed CoPAn, is introduced to remove such connections (see text). (B) When
cells are in a quadratic arrangement, a number of different contacts are possible,
exempliﬁed by red and green colors (see text).
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embryo Voronoi decompositionwill always predict a non-existing off-
center facet between ABa and P2, either above or below the plane of
the four cells. We have examined the angles of the six 4-cell embryos,
and ﬁnd that the average angle between ABa, EMS, and P2 is 121° (SD:
+/−14.1°, minimum: 110°) and the average angle between ABa, ABp,
and P2 is 130° (SD:+/−5.4°, minimum: 122°). We have also
examined cells at the edge of embryos at later stages and ﬁnd concave
cell arrangements, e.g., ABarapaa–ABaraapa–ABprpapa (127°) or
MSaapp–ABprpppa–MSaapa (147°). We conclude that an angle of
110° or larger is sufﬁcient to interrupt a contact. Conversely, when
should a contact still be allowed? When four cells are arranged in a
square (Fig. 6B), opposing cells share a single contact line, and all
angles are 90°. In reality there is always some variability of cellFig. 7. Voronoi Cell Contact Map (VCCM). Screenshot of the HTML ﬁle for the subject cell ABar
six partially annotated embryos that were used to assemble Ce2008, set #8: Ce2008). The
underlined cell names are HTML links that lead to the VCCMmap for each cell (Supplementa
number of recordings it appears in. This score was translated into the intensity of the red col
internal control for the calculation. The columnwidth of each data set represents the lifetime
indicate timewithout contact. Note the conserved contact pattern between ABara, MS and its
present in the AE model (see also Fig. 3). Differences in relative cell division timing lead to ch
VCCM for the six partially annotated embryos (2–7) does contain non-existing contacts that a
embryo. This applies also to the Ce2008 model after ∼150 min, when not all cells are annoposition and shape. Either A and D, or B and C will be in contact, or no
cross-contact is made, or both contacts are made at different levels
(red and green in Fig. 6B). We have examined our recordings and
there are numerous instances when cells are arranged approximately
in a square and are predicted by the Voronoi decomposition to have
both cross contacts. It is difﬁcult to discern precise membrane
boundaries in the original DIC images, and hence we were not able
to unambiguously ascertain that both cross contacts do occur, but it is
feasible. We measured the obtuse angles of several of these square
arrangements and found them to be in the range of 97°–109°. We
allow these angles to still produce a contact.
In conclusion, we empirically determined an angle of 110° as a
reasonable value between three cells, at which the connection is
interrupted. We applied this contact-preventing angle (CoPAn) to all
Voronoi cells open to inﬁnity in our global VCCM map. This removed
essentially all non-existing contacts due to concave arrangements on
the surface of the embryo. The CoPAn method could also be applied to
the global VCCM across the whole embryo. We found that at the ∼150
cell stage this would remove b10% of the internal contacts (data not
shown). In the map presented here we have decided not to apply this
in order to keep the number of restrictions to the Voronoi
decomposition minimal.
We generated CoPAn modiﬁed VCCMs for every cell for the six
different embryo annotations, as well as for our reference model
Ce2008 and for the AE data set. Analysis of the CoPAn modiﬁed
VCCM for Ce2008 indicates that the average number of contacts per
cell is variable over the course of early embryogenesis, it ranges
from four to 14 cells (Fig. 5C). We present the VCCMs as a series of
linked HTML tables (Supplementary File 3), and Fig. 7 shows the
contact map for ABara as an example. A number of parameters can
be read from this map: the neighbors of the cell in question can bea. Columns 3 to 11 showcell contacts for eight coordinate sets (set #1: AE, sets #2–7: the
ﬁrst column shows all cells that are neighbors to ABara in at least one recording. The
ry File 3). The second column is a simple probability score for each contact, based on the
or in columns #1 and 2. The blue highlighting denotes a self contact which serves as an
of the selected cell, here ABara. Black regions indicate “contact present”, white regions
daughters MSa/MSp in the different data sets. The contact between ABara and Ca is only
anges in neighbors as seenwith ABalp and ABalpa/ABalpp in set 3. Note of caution: The
rise from cells becoming neighbors, when cells are not annotated in the lower part of the
tated anymore, and to AE, where the germline is not annotated.
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duration of each contact. In addition, the VCCMs allow comparison
of multiple recordings, therefore a probability score was computed
for every contact. The intensity of the red color indicates the
conservation of a contact. Contacts conserved across all recordings
and complex contact patterns such as neighborhood changes during
neighbor divisions become obvious. Many of the short term contacts
are due to a cell dividing slightly before or after their neighbor
divides, resulting in a shift from mother to daughter cells. Such
contact patterns can be seen in Fig. 7, where ABara is ﬁrst in contact
with MS and later switches to its daughters MSa and Msp. Overall
there are approximately 3500 contacts in Ce2008 (Fig. 5D).
However, only approximately 3000 of them last 2.5 min or longer.
It should be noted that a particular cell contact is not necessarily
reciprocal when lifetime information is considered, i.e. the contact
of ABara versus MS is not the same as MS versus ABara, because MS
lifespan only partially overlaps with that of ABara. If we treat
reciprocal contacts equivalently then about 1500 (3000/2) contacts
last more than 2.5 min.
A number of induction events are known to occur in early
embryogenesis that require cell–cell contacts, e.g., MS with ABalp/
ABara, ABalap with ABplaa, MSap with ABplpa, and MSapa/p with
ABplpapp (Priess, 2005; Schnabel and Priess, 1997). Examination of
the VCCMs shows that these cells are indeed predicted to be in contact
with each other, conﬁrming that at least in these instances the VCCMs
give the correct information.
The contact map example also reveals the differences between
Ce2008 and AE, e.g., Ca is predicted to contact ABara, but never
does in our recordings (Fig. 7). The VCCMs are relatively consistent
across the six recordings and Ce2008, while a number of differences
are seen with respect to AE. In order to perform global comparisons
of different VCCMs we introduce a contact difference index (CDI),
shown in Fig. 8A. Using the VCCM data for Ce2008 as CCModel1
and that of AE as CCModel2, we generated a spreadsheet containing
all the cell contacts and their respective CDI scores (Supplementary
File 4). From these data we see that in a total number of 3551
examined contacts, 627 occur only in AE but not Ce2008, while
1313 occur only in Ce2008 but not AE. Quite a number of these
contacts are of rather short duration. When we exclude contacts
that do not last more than 15% of the subject cell lifespan in either
model, the total number of compared contacts is reduced to 2563,
with 457 speciﬁc to AE, and 533 speciﬁc to Ce2008. Thus 55% (no
limit) or 39% (with removal of short contacts at the 15% level) of
the predicted cell contacts are completely different between the
two models. The mean of the absolute values of the 2563 CDIs gives
a global difference index of about 50%. Plotting of the relative
contact times of the Ce2008 and AE contacts shows that despite the
differences a correlation can still be observed (Supplementary Fig.
6) and the correlation coefﬁcient of the two models is 0.58. We
examined the CDIs that display substantial differences between the
two models (CDIN0.89 orb−0.89) based on lineage categories to
determine, whether the observed contact differences affect parti-
cular neighboring lineages more than others (Fig. 8B). Indeed, we
observe that AE has more unique contacts between the ABpl lineage
and the ABar and MS lineages, as well as within the ABar lineage.
On the other hand, Ce2008 has more unique contacts between the
E lineage and the ABal, ABar, ABpl, ABpr and MS lineages, and
between the MS lineage and itself and the ABpr lineage. While the
unique contacts with the E lineage are probably not of biological
signiﬁcance, contact differences between the MS and AB lineages
could well be. We examined the MS−ABpl lineage contacts in
more detail by plotting their relative contact times of Ce2008
against AE (Supplementary Fig. 7). Indeed, a substantial number of
contacts lie either only on the X- or Y-axis, indicative of complete
differences. However, we note that the known contacts between
MSapa/p and ABplpapp are amongst those that are conserved inboth models, suggesting that the compression of the embryo does
not interfere with these contacts, which are important for induction
of the excretory cell through Notch signaling (for review, see Priess,
2005).
Cell movements
Cell movements are best visualized with the Ceviewer (Fig. 3,
Supplementary File 1). Gastrulation starts shortly after the division
of E into Ea and Ep, which then relocate from the outer cell layer to
the central cavity, the future pseudocoelom. In our model, this ﬂuid
ﬁlled space appears as an area free of nuclei. The direction of the
invagination movement can be described by a ventral–dorsal vector
that points from the surface to the center of the embryo (Fig. 3,
101 m). During the next round of divisions within the E lineage,
Ear/l and Epr/l arise (Fig. 3, 114 m). This division occurs in a left–
right symmetrical fashion as indicated by the cell names (Sulston et
al., 1983). We observed that our model follows this pattern, while
the AE exhibits a division axis between Ear/l and Epr/l that is
oriented in a dorsal–ventral way (Fig. 3, 127 m). The right
blastomeres locate to the former dorsal side and the left
blastomeres are on the former ventral side. The VCCM for Ear/l
and Epr/l shows differences in several cell contact patterns between
the AE and Ce2008 (Supplementary File 3). A similar shift in
symmetry is seen between the descendants of MS, C/D, ABa/pr and
ABa/pl (Fig. 3, 153 m, 166 m). The left–right axis of these
blastomeres is not continuously orthogonal to the dorso-ventral
axis. Belt-like movements of the outer layer of cells (blastomere
descendants of AB, C, D, MS) around the core cells (E descendants)
are seen in the AE (Supplementary Fig. 5), but are absent or less
pronounced in Ce2008 and in individual recordings (data not
shown). We compared the 3D arrangement of the intestinal
precursors at the intestinal eight cell stage. While our model
shows two straight rows of cells as commonly seen in DIC
microscopy, the AE has a bent intestine at the end of the recording.
Another difference is the position of the C and D descendants in AE
(Fig. 3). These cell groups rotate during gastrulation. Overall the AE
undergoes a rotation of about 90° that eventually places the ventral
region at the bottom in Fig. 3 (166 m). Most cells in Ce2008 do not
travel as much as those in AE. The travel distances in Ce2008 range
from 0.4 μm for Cpaaa to 11.8 μm for MSppaa (Supplementary File
2). MSppaa is located on the ventral side and migrates into the
embryo and then towards the anterior during gastrulation.
Extensive single cell migration requires that cells change their
local environment. Examination of the Ce2008 model and the VCCM
tables shows that the descendants of ABal, ABpl, ABpr, MS, E, and C
stay in groups that can be linked via a continuous chain of cell
contacts (Fig. 3). Only the descendants of ABar and D separate
during the embryonic phase we examined. The descendents of ABar
separate along the dorsal–ventral axis, with ABara descendants
locating ventrally — apparently as part of the gastrulation move-
ment, and ABarp descendants locating dorsally. ABpra and ABala
descendants intercalate into the lateral space. Movement of dorsally
located cells appears primarily driven by mitosis events, e.g., while
ABarp is in the ﬁrst third of the embryo, its descendant ABarppppp
is in the posterior quadrant. The descendants of D separate laterally,
with Da descendants locating left, and Dp descendants right. The
movements of some of the ABpla descendants on the left side of the
AE are quite dramatic. For example ABplapap moves about 12 μm in
AE, while in Ce2008 it moves ∼7 μm. Overall, the ABpla descendents
have more pronounced movements towards the ventral side in AE.
This could be due to a combination of the ﬂattened surface of the
AE embryo that increases the dorsal–ventral distances and the
rotational movement that rotates the ventral pole from the narrow
side to the ﬂat side. It has been observed that ABplaapp and
ABplapap loose contact with ABplaapa and ABplapaa (Schnabel et
Fig. 8. Contact difference index (CDI) calculation and CDI comparisons between different cell fate groups. (A) Calculation of the CDI. CCModel1 and CCModel2 refer to the cell
contact (CC) of subject cell X against neighbor cell Y in Model 1 and Model 2, respectively. The compared units are the relative contact time [rt], which ranges from 0 to 1, over
the lifetime of cell X. E.g., if cell X contacts cell Y for the ﬁrst 50% of its lifespan, then the rt is 0.5. A CDI of 1 is a contact occurring only in Model 1, a CDI of 1− is a contact
occurring only in Model 2. (B) Comparison of different subject–neighbor cell contacts for Ce2008 (black bars) and AE (white bars) using CDIs. The following lineage categories
were deﬁned: ABal, ABar, ABpl, ABpr, C, D, E, and MS. This results in 64 possible contact categories, although categories with no contacts are not shown in this graph. In each
category a CDI larger than 0.89 (for Ce2008) or smaller than −0.89 (for AE) was counted as one instance of signiﬁcant difference. For example, the ABar–C category counts the
number of contacts of ABar and its descendants with cells of the C lineage. A total of 1008 contacts were considered here, out of a total number of 2563 contacts that last at
least 15% of the subject cell lifetime in either Ce2008 or AE.
10 J. Hench et al. / Developmental Biology 333 (2009) 1–13al., 2006). This is not the case for Ce2008 and the VCCM for AE
indicates that at least for the ﬁrst half of their lifetimes contact is
maintained. Since ﬁlopodia have been observed in embryos
(Schnabel et al., 2006), the contacts may actually not be severed
in AE. We globally examined the VCCMs of Ce2008 to determine,
whether there are obvious cases of daughter cells migrating apart.
In general, we ﬁnd that daughter cells stay in contact (data notshown). Some lost contacts at early stages are simply due to one
daughter dividing before the other. Other lost contacts appear in
late stages of the model, but then annotation accuracy becomes less
reliable. Overall, the Ce2008 model does not show obvious
migrations of single cells or small groups against other cells. As
far as we can discern, the major movement is due to gastrulation,
while other displacements are due to cell divisions.
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An uncompressed 4D model for C. elegans embryogenesis
For model organisms other than nematodes, detailed, highly
resolved spatio-temporal maps of embryonic development are rare.
One example is the Aniseed data collection (Tassy et al., 2006) that
elucidates Ascidian development up to 44 cells. Another example is
the recently reconstructed zebraﬁsh embryo (Keller et al., 2008). Here
we generated a new 4D reference model for the early, uncompressed
C. elegans embryo, Ce2008, and derived a cell contact map. This model
is different from other approaches that consider only one embryo at a
time. Our method resembles the work of (Sulston et al. 1983) as it
combines multiple observations. Development in Ce2008 is covered
from the 2 until the ∼150 cell stage when data density decreases due
to the small size of cells, which makes tracking more difﬁcult.
Presently only two other embryonic coordinate data sets are available
that we could compare to Ce2008. However, neither data set could be
compared directly to Ce2008 by ﬁtting; the AE not, because of its
ﬂattened shape and consequent changes in cell positions resulting in
up to 40% differences in cell contacts, and the Acetree embryo not,
because of its different cell nomenclature. Our superimposition
algorithm makes a combination of partial annotation data of
undisturbed embryos possible and the VCCMs provide a system for
comparative work.
Fluorescent markers for cell tracking
The most common microscopic techniques to analyze C. elegans
are DIC and epiﬂuorescence detection on either brightﬁeld or confocal
systems (Shaham, 2006). DIC still remains a method of choice, since it
does not introduce changes in the genome. Fluorescently tagged
proteins can be toxic and induce phenotypes. During the growth of the
strains used for our 4D recordings, we noticed that histone::mCherry
reporter strains seem to cause genetic instability (see Materials and
methods). We suggest that care must be taken when this type of
fusion construct is utilized. Here we reduce the issue by continuous
backcrossing of the transgenic strains to wild-type background.
Mounting method and embryonic rotation in C. elegans
One or two cell stage embryos can be dissected from gravid
hermaphrodites and then mounted in aqueous media (Deppe et al.,
1978; Sulston et al., 1983). Such embryosmeasure about 30 μmat their
shortest diameter, which is more than the preferable 20 μm thickness
of specimens observed with DIC or ﬂuorescent microscopy. Several
authors bypassed this obstacle by compressing the embryos between
an agarose pad and the cover slide with a spacing of approximately
20 μm (Hird and White, 1993; Murray et al., 2006; Schnabel et al.,
1997). This improves DIC and decreases light extinction during
ﬂuorescence detection. The enhanced image quality is an advantage
for AP embryos, on the other hand our results show that it does affect
cell positions and cell contacts are substantially altered.
It remains speculative under which circumstances modiﬁcation of
the egg shape results in morphological or functional consequences.
Animals with anatomical aberrations, induced by mechanical manip-
ulation of either cells or the egg shell, which in turn change early cell
contacts, tend to be viable and fertile (Goldstein, 1992, 1995b; Hutter
and Schnabel, 1994, 1995; Lee and Goldstein, 2003; Priess and
Thomson, 1987; Wood, 1998). On the other hand, manipulation of
cell contacts at the six cell stage results in situs inversus (Wood, 1991).
AP embryos subjected to 4Dmicroscopy do develop and hatch into L1s
(Deppe et al., 1978; Schnabel et al., 1997). This can be considered
evidence that the alterations do not result in any changes. But viability
is not a sensitive parameter tomeasure complete anatomical integrity,
it does not prove that no changes in cell fate have occurred. In thisstudy we were mainly interested in determining conditions that lead
to a stereotypic, highly reproducible development. We ﬁnd that
mounting embryos freely leads to this desired feature and eliminates a
possible source of developmental disturbance.
The biological relevance of the rotational movements of the
embryo (Boyle et al., 2006; Schnabel et al., 1997) is unclear. The
phenomenon seems to occur in a rather irreproducible way. In our
experiments with uncompressed embryos we found that the majority
of specimens did not exhibit the rotation phenomenon. While
exceptions were found, most of them could be associated with
artifacts during the recording process. AP embryos tend to exhibit
reproducible aspects when viewed at speciﬁc developmental stages
such as the arrangement of the nuclei (Sulston et al., 1983) at the four
cell stage (left–right view), at ventral enclosure (dorsal–ventral view)
and at the comma stage (left–right view). We rarely observed this
sequence of “standard views” in over 100 FS-mount recordings, while
it was seen when using AP mounts (data not shown). To obtain a
standard view sequence rotation of the embryo is required. In FS
recordings we found random orientations of the body axes relative to
the cover slide with no preference for a particular position, indicative
that the “standard” views are imposed by the compressed egg shell.
We surmise that the rotational movements of AP embryos are
primarily induced by the compression.
Variable embryogenesis, cell migration and cell grouping
Given the highly invariant cell lineage of C. elegans we found it
interesting how the early embryo could exhibit such a high level of
variation as described in Schnabel et al. (1997, 2006). We analyzed the
individual annotations that were used to build Ce2008 and found a
low variance of cell positioning among the 6 individuals in space and
time. Indeed, lower variability of positions in less compressed
embryos has also been noted by Schnabel et al. (2006). We propose
that the “variability of development” (Schnabel et al., 1997) may in
part be due to the compression during development. It may be a
consequence of extended cell migration paths in ﬂattened embryos
combined with superimposed rotational movements.
In FS embryos, the one global cell migration event is gastrulation,
when the E descendants migrate into the interior, and later
ectodermal cells ensheath the gut primordium and the MS derived
cells. Based on 4D recordings, mutant analyses, cell ablation experi-
ments, and cell culture experiments it has been shown that cell fate
groups form regions (Bischoff and Schnabel, 2006; Schnabel et al.,
1997, 2006). We can observe the same in the Ce2008 model, and the
VCCMs also conﬁrm that cells derived from particular blast cells form
clusters. Nevertheless, we seem to ﬁnd no evidence of cells that
migrate far from their position and later return to their kindred cell
group.
The cell lineage of C. elegans is more complex than the simplest
theoretical possible lineage, probably due to developmental con-
straints (Azevedo et al., 2005). Genetic as well as mechanical
interference experiments, which change cell positions or ablate
cells, identiﬁed cell contacts that are necessary for fate determination
(Hutter and Schnabel, 1995; Schnabel and Priess, 1997) and spindle
orientation (e.g., Goldstein, 1995b). Thus, there is a tight link between
the cell lineage and cell contacts due to the highly invariant cell
positions in early divisions. As we have shown, precise cell positions
are maintained in FS embryos, hence, it is possible that the link
between lineage and position may be of importance later in
embryogenesis as well. The lineage contains many examples of
different cell fates arising in the second last, or even last round of
cell divisions, e.g., body muscle and coelomocyte, or excretory cell and
neuron. The latter does indeed depend on a late interaction with
ABplpapp (Priess, 2005). The AE shows a substantial number of
differences in cell contacts compared to Ce2008. This indicates that C.
elegans embryogenesis can adapt to different conditions, at least when
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better assessment of which contacts stay the same as in Ce2008, and
which ones are allowed to be variable, could provide further insights
into which contacts are critical.
The Voronoi Cell Contact Map (VCCM)
Previously, distance-based methods have been used to calculate
cell contacts in C. elegans (Bigone, 2001). However, such methods are
sensitive to differences in embryo size and the number of neighbors
per cell would need to be deﬁned arbitrarily or empirically. Our own
observations show that mutant and transgenic strains can have
differences in the dimensions of their egg shells. For example, the
commonly used injection marker rol-6(su1006) (Mello et al., 1991)
leads to amore spherical egg shell (unpublished observation). Further,
our data show an increasing number of cell contacts per cell in the
course of embryonic development (Fig. 5C), making an arbitrary
threshold unrealistic. Distance maps were also used for quantitative
comparisons of different 4D recordings (Schnabel et al., 2006), but
they only consider the position of cells along the A–P axis.
Cell contacts reﬂect the relative position of cells to each other
better than spatio-temporal coordinates. A plain geometrical
approach based on Voronoi segmentation considers the 3D relation-
ships of cells and automatically takes differences in embryo size into
account. Still, it has the limitations of any pure mathematical model,
i.e. it does not know the actual cell boundaries and at the edge of the
embryo Voronoi cells are open to inﬁnity. Therefore we had to
introduce a threshold angle (CoPAn) to remove these outlying
contacts.
In the absence of actual contact data the VCCM is a good model for
early embryogenesis, where cells are mostly nearly spherical. One
caveat is the pseudocoelom. Around the pseudocoelom cells may
actually not be in direct contact, but separated by the space. In later
embryogenesis, when morphogenesis starts, Voronoi decomposition
will become less useful, as cell shapes become irregular. Eventually it
is desirable to obtain actual membrane data. Fluorescent membrane
dyes such as FM 4-64 or GPF-taggedmembrane proteins, such as AJM-
1 (the MH27 antigen) (Mohler and White, 1998) could be used to
obtain such data. Nevertheless, even if the VCCM does not give a
precise map of all cell contacts, it is a very useful model for
representing the spatial relationships of cells.
The VCCMs allow us to derive data in a number of different ways.
The alignment of multiple VCCMs from different recordings reveals
which contacts are conserved and gives probability values for each
contact, though at present the number of recordings is still low.
Overall, we ﬁnd that there are approximately 1500 predicted cell
contacts lasting longer than 2.5 min during the ﬁrst 150 min of
development at 20 °C. Further, we can plot relative contact times of
different models against each other, globally, or based on lineage
groups, in order to identify similarities and differences. We can also
calculate CDIs between different models to identify differences (e.g.,
Fig. 8). The global CDI analysis revealed that up to about 40% of cell
contacts are different between compressed and uncompressed
embryos. Most of these contacts are likely to be of no functional
importance, but some may be required for proper cell signaling
between cells.
Potential uses of Ce2008 and VCCMs
The uncompressed Ce2008 model is also relevant for mapping of
whole mount in situ hybridization (NextDB) and antibody-stained
specimens. Such embryos develop unconstrained, and only during
processing or when mounted are they compressed. In this case an
expansion in the Z-axis can be applied retroactively in order to
compensate for the ﬂattening. Ce2008 is the logical choice for
comparison to such embryos. On the other hand, it is inappropriateto apply a rescaling of the Z-axis to AP-mounted embryos when cell
positions and contacts are studied. This falsiﬁes actual distances
between cells. The Ce2008 model with its VCCM can provide the
template onto which expression patterns derived from various
different sources can be mapped. A single standard reference model,
such as Ce2008 is necessary, if one wants to be able to compare
different data sets acquired by different laboratories.
VCCMs are valuable tools for cross-specimen comparisons of
spatial positions, irrespective of whether neighboring cells are in
actual contact or not. Theymay also be used to address the question of
precision in lineaging. Partial annotations can be compared or
assembled in models and the resulting contact maps give a fast
overview over mismatches. Probability based lineaging is possible,
and it becomes feasible to identify cells that lack annotation based on
their neighbors. Mutants, laser-ablated or physically manipulated
embryos can be compared to each other in a consistent way. The
methods will also be applicable to other species, for cross-species
comparisons, or even tissues or organs with a deﬁned development
that can be tracked in 4D.
In conclusion, we have generated a new, uncompressed 4D model
of C. elegans embryogenesis for the proliferative stage that can serve
as a reference. Using VCCMs and related methods such as CoPAn and
CDIs allows us to describe the spatio-temporal relationships of cell
contacts and to analyze and compare complex 4D data sets. The 4D
data sets may be continuously populated with further data of all
kinds: mutant phenotypes, cell ablation experiments and gene
expression patterns, which can be visualized and interactively
analyzed in our software with our model as reference. The methods
of cell contact analysis should be applicable to many other organisms,
or tissues, where groups of cells can be followed in 4D and this could
provide new insights into evolution and development.
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